
Mdmlogy  gauges for spatial intmfcrorllctry

Yekta  Giirscl

Jet I’rolJulsion I,at)oratory
California IIlstitute of ‘Ikcl)]lology

4800 Oak Grove l)r., I’asadcna,  CA 91109

IIctcrodyne  interferometers have km commercially available for I]lally years. in addition, Inaxly versions have
lwm] built  at JI’1, for various projects. ‘1’his activity is ail[lcxl at ilnprovirlg  tllc accuracy of sl]cll  illte]fcrc)t[l(:ters
fro]]) tllc 1-30 nanometer level to the picomcter  level for use in the proposed Stellar Intcrforomctry  LIissioll (SlhI)
as ~llc!trology gauges. II) tl]c null-gauge configuration, wc obtail Lcxl a precisioll  of 0.6 pico~ncters  aL ti~[]c scales of
2,500 scmlds. In tllc rclativegaugc configuration, wc obtained an accuracy of 0.13 picorneters  r]lls il] vacuunl  at
tilne  scales of fcw minutes, using a twttc: constructed imtmncnt with hig]lcr sigl]al to I]oise  ratio.

1 . IN’1’lLOI)lJC;’J’ION

‘J’hc Stellar  lntcrfcromctry Missio~l  (SINJ) rccluires  metrolcjp;y  ilterfcromcters  with a relative accuracy of 1-2 root-
]nmm-squared (rms) picon]cters  to attaixl  its clcsiglL goals. 111 tile currexlt desig[l, tllcsc  illt[:rfc:roltl[:tcrs  are ollc-lonK-
arl~l, llctcroctyne  interferometers which mmlitor  the distance bctwecnl two fiducials.

2’WO  cliflerent  illl]Jlcl]le]it:ltiolLs of the basic  gauge architecture have bcwn cxa~xlirlcd. ‘J’he null-gauge expcril[lent
dctm’lnil]cs  the ultilnate prcwisio~l  of hetcroclync  il]tcrferolllctcrs  by usinp; two of these  with sl)atially  coil} cident,
bcal[ls.  ‘J’he rc]ative-gauge  expcrilllcllt  dc’tc!rlllillm t}l[! c!xtcvlt o f  Systcvllatic errors  w}lic~l arc  abscvlt ill t h e !  nLll]
co]] figuration  by measurillg  sl[lall distances  (few wavcle~igt]ls of light)  frol]i a g,ivc]i set ])oint.

~’hc descriptio~)s  of tllcsc  cxperimmts were first published irl two S1’11’;  ~)rocdiIlgs  4 5 . ~’llis  pa~mr co]nhines
tllc results ]Jut)lisllcd i~l these ]Jrocccdir]gs  alld it]troduces  tlm Ilext step  itl lillcar  Illctrology, ~la~[lely autcJ-alignillg,
3-(li][lmlsiol]al,  ~)icolnetcr  ~nctro]ogy  gaup,e ‘.

2. NIJl,I, Ml~;l’1{.OI,OC:Y  C: AIJGE

‘1’1](!  null-x[lctrology  gauge consists of two hetcrodylw  ir]tcrferolneters  with spatially coi~lcidcxlt light  ~)at}ls. As our
vacuum c}mntm hacl not yet Leml delivered at the time this expcrillim]t  was performed, WC chose this  scl~cmc
to eliminate tllc ef~cct of the dmmity  fluctuations in air which limit the accuracy of tllc intcrfcro~netms  to w1O
nanometers mm. OM of the interferometers is used to servo the distance hciilg monitored to t,hc null of the
illtcrfcroll]ctel,  while the otllcr  illtc’lferolllct[’r  is used as a read-out device.

‘J’hc scllmnatic  layout of tile ex]wrilncrlt  is showIi ill I$ig. 1. ‘1’hc light  from a frcqL]e~icJ~-stat)ilizecl IIc-iYe laser
i~ll~)ingcs oll a 45 degree linear polari7Jm. ‘1’he  light fro~n the out~)llt of t}lc I)olatizcr  is se~mratd into two orthogonal
~]olari7,ations (S a~ld 1’) t)y a suitably placed  polarizing beam splitter. };ach of thcxx ~)olarizat,io~ls  is tllcvl routed
tlll”[)llp,}l  all acousto-ol)tic  I[mdulator.

‘J’hcsc ]nodulators  arc clrivc]l  by CII radios  with a  frequ[!ncy  diflcmnlcc of 10 kllz,. ‘l’lie frcqucllcy  slI iftcd
lmaIns arc tllc]k rccoxllbinctl  Ly allotllcr  ])olatizing  bca[n s~)littcr.  ‘1’he rccoml)i]ld bcaln is scvit through a ~)in- 11oIc
assmIIljly  to spatially fllt, cr tile bca II1.  ‘J’hc slmtial  filter in:; also ~nakes the out~)ut  twain inse]]sitivc  to t,l)c dircctiolml
fluctuations of the in])utj bcarll,

A s~llall part of tl]is bca~n is thml divcrtml i~lto a 45 cle.grcc polarimr arid a ~)llotodiodc  wllic]l acts a rwfmmcc
dc’tcctor. ‘J’l]c rest of the beam cl~tx!rs a bealn-launcher assc[llbly whic}l consists of a polarizing bcatn  slditter ancl
two quarter-wave p]atcs. Ilalf of the beam  directly l)asscs t}lmugh tl]e ])olari~,itlg  Lcaln s]ditter aILd  strikes tllc
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lJIIotocletcctor after passi~lg through a 45 degree polaripcr.  The other  half of the k)caln maim a round  trilJ between
W c.or’l~cr’  cubes and exits the inter’feromctcr coincident with the first half  of the beam a~d hits t}]c photodctmtor
after  ]msillg t]lrougll  the same  polarizer. ‘J’hc COIIIm  cubes arc separated by a )lo~nina] distance  of w 75 cxn.

‘J’IIC rw]ativc  ~j}lasc  of the sigrlal coming out of the latter photoddector  (the ullkrlown l)hotodctm.tor)  w i t h
rcsjmct  to the plmsc! of the si,glal  coming out of the rwfmmcc  detector is directly a measure of tllc distance bct~f:mu
tile two corllcr cutm. 111 effect, the hctmodyllc  irlterfcro]llc:ter  m~ivc!r’ts  ar~ actual patt-lcugtti clIaIIgc of OIIC  light
wavelcIIgtl  I iuto a phase chauge  of onc cycle of a sinusoidal wave at a frequcucy  equal to the diflcxmce  betwem the
two driving  fmlumlcies  of the zrcousto-optic  ]nodulators  3.

‘1’lIP  set-u~) as clcscritml  above consists  of a sirlgle hctcrodyne  iIltcrfcroInctcr.  III order  to ~)lacc at]c)thcr  il]ter-
fcrOIllclcr  which has very-llearly-ttl[:-salr]c optical path, we adc]ccl a~iotllcr driving  sigrlal to OIIC of t,lie xnoduhrtors.
‘J’IIC  frequency of this  drivi[lg  signal is 20 kIIz more tha:l  the frequency of the signal a~)plicd to the c)thcr nloc]ulator.

III ttlis case, tl]e out~)uts of the rcfermcc  a]ld the urik[low]l  photodctectom  cmltaiu  3 signals at tllc frcquctlcies
of 10 kII~, 20 kllz ancl 30 kII~,. ‘J’hc 10 kHz and the 20 kll~ sig]lals are scparatrx]  fro]n cac}l ot}lcr and tllc 30 kll~
signal  by an asscnnbly  of Iiotch filters  which also lmfor~n solnc 120 IIz lIUIT1  reject, iorl to enable  us to work u]]der
~iorlllal Iigllti Ikp; witliout  saturating the aln])lifiers.

‘1’hww  sinusoidal si,glals  are aul~)lificxl and converted iuto square-v’avc sigylals  by a ])ost-am~)lifier  circuit corl-
sjstil]p,  of fi]tcI.s allcl cmn~)arators. l’lIc square-wave signals arc tllcn fwl into a ~)hasc digiti7cr  \vllicll dip;itims the
~e]ativc ))hasc of the 10 k}lz unkr IowIl, 20 k}l~ rcfcrc]lcc  alld th(! 20 k}l~ u]lk]]owll  sigllals }vit}l rcsl)cct  to the I)hase
of tlir: 10 kllz rcfmm]cc  sigrlal.

‘J’IIc relative ]Jhasc sigrlal frcno tile 10 kllz irltcrfcro~llcter is digitally processed and co~lvcrtcd  back iutcl au
aualog  fcwdback  sig]lal which is applied to a ~)iczo-electric  transducer. ~’his trarmlucer tratislatcs onc of tklc corucr
CUIWS to IIold the 10 kIIz inte~ feromcter  at IIull.

‘1’llG rmults  of various ruus between hlarch  18, 1992 aud A])ril  23, 1992 arc SIIOW]I i]] I’ig.  2. q’llc Allatl de~riation
(square root of Allan variauce)  of the cliffcrmlce  between tl,e 10 kIIz a~ld the 20 klIz  illterfero!ncter  signals is ])lottcd
as a function  of the irltcgratiou  tilnc. 7’lIc curve which has the largest overall Alla~] deviation  is l)lotted  usiup; our
first data. ‘1’lIc curve which has the lowest overall Alla]l deviation was plotted usiug data taken  011 April 23, 1992.



F’if2;ure  2: Null Iuctrology  results
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‘J’lIc  reason  for the dramatic itnprovc.ment was the elitnination  of scattered lip;llt reflc!ctml hack towards the laser.
‘1’ILc  servo systcm  had also been improved during  that tillle wllicll lowered the lc)w-il]tcglatio~l-tilllc  l)arts  of the
curve. ‘J’hc best result  usillg this conflguratiotl  was a dif~crcxlcc dcviatio)l  of 1.3 l]icolneters  at an illtegratioll  tilnc
of 100 sccollds. “1’he  curwc thcm slowly rose to 2 ~)icmnctcrs  at illtcgratioll  tirncs close to 4)000  seco]lds.

We d~ter~]li*]~yl t]~~ ~aus~ of tllc Ul)ward  drift at Iollg  integration tilncs  to bc tll[! tellllJCratU1’~  smlsitivity  Of th~
clectrollic  circuits which amplify ald shape the analog signals. As the data were bcin:; takml,  the clrifti!lg roorri
temperature caused the various Components in the clcctro~lics  circuits to drift. Siucc tile 10 kIIz a~ld the 20 kIIz
illtcrfcrmnc%crs  used different  sets of electronics, a time varyilg phase  difference was introduced bccausc  of the
sIIlall  dif[cmlccs  tmtwce!l  tllc! circuits duc to co~nponel]t tolmauces.

‘lb rcducc  tile effect of this temperature related slow drift, we co]lstructcd  a switcllillg  network wllic}l swa~)pcd
tllc c[hirc  sets of a~nplifiw  ancl shaping circuits trctwecll  the intcrfcromctm at. regular itltervals  (30 SCC). The
circuits were also upgraded usilLg low tcxnpcraturc  cocfiicicllt, ])rccisioll  co~rl~]o[l[!llts.

‘J’he rmults of tllesc  xnodiflcations  is shown  in l’ig. 3. As a rcfcrellcc,  tlm Alla~l dcviatioxl frorll tl)[! April 11,
] 992 data is also sllowll. ‘I)he ncw data give an Allarl deviatioll  for tllc difi’crmlcc  signal bctwcxvl tltc illtcrfero~!lctcrs
w]lich rcacllcs  down tc) 0.6 picolncters  at i~itcgratioll tirues of 2,500 sccollds aud it stays  uridcr 2 piconlctcrs  at
illtcp;ratiol] tir[lcs Of 10,000 SCCO!ldS.

..
3. lU’;lJKJ’IVE  MErJ’l{OI~OCJY  GAIJG1’;

“J’}Ic relative l]ictrology  gau~c consists of two hetmodyne  illtcrfcrorlletcrs  w’ith sl)atially  separated l)atlls  as shown
ill lip;. 4 and I~ig. 5. Sillcc t}lc p}lysica]  laser bcar[ls do liot ovcrlal), cacl) acousto-o]]t,ic  rnodulatc)r is clrivcn with a
sirlglc frequency. ~’hc frcque]lcy dif[crerlcc  bctwcml t}le drives to tllc acousto-optic  modulators is 10 kllz. OIic of
tli(! intcrfcro~lletcrs  is used to servo the clistarlcc  betwecll tllc corlicr cubes to a slowly varyirlg separatioxl,  while the
other illterfcrolllctm  is used as a read-out de}ricc.

‘J’}Ie relative metrology cx~mrimellt  is clcsigllcx] to classify and clilniliatc  varic)us  sources of systc~natic  errors
wllic]l  arc absent in a null-metrology gauge. The polarization leakage caused by scvmal inlpcrfect  ol)tical  eleluelks
(Ii:;. G) causes a systematic error  at the out])ut  of the interferolllcker  wllicll is a periodic functio~l  of ttle distance
I)ctwcml tl]c corner cubes with a l)criod of exactly orlc wavclcllgth. ‘J’lle alo])litudc  of t}lis systcr[latic  error could
Im as large  as 10 narlomcters.



F’igurc  3: Null metrology with elcctrmiic  switchi~lg
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Pigurc  4: Itclativc metrology
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Figure  6: I’olarizatiorl  leakage (self-itlt[rfcrellce)
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F’igure 7: cyclic avcragi[]g
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q’llese systmnatic  errors  call bc classified into two categories: ‘J’hc pcriocfic  systelnatic errors  duc to tile polar-
i~atioll leakage \uitll a period  of exactly  one! wavclcus;lh  a)ld tile systm[latic  errors  caused by tcmpmat,urc  .gradimlts
w h i c h  a])~jcar  as a slllall lillc!ar drift over short  time scak!s t~ctwccrl the r(!aditlgs  of the interfmo~llctcrs.  In this
]m~mr,  wc will collsidcr  only the periodic systmnatic  e] rors. ‘1’hc tc~nlmrature  gradic!llt related errors  are Initlimizcd
t)y actively  stabi]i?illg  the tel[lperatur’e  of various ol]tica]  coIm)oII[!rIts  and by ]mc’formiug  the relative Ineasumacnts
quickly before a sifylificant  dlifL acculnulatjes.

‘J’l]c ])criodic systm~latic  errors  am e]irnil]atcd by usi~lg a Inetllod  klLowlL  as cyclic a~wragitlg  (]Jig. 7) .  ~’his i s
implcll)c~]ted by eitl]cr  mociulati~lg  the dis tance to be ~tlcasured wit]]  a ~)i(!zoclcctric  tralmlucer or by swcwl>ing
tllc laser frcque~lcy at a fast rate com])ared to the challges in the dista~lce  bcitlg, lneasuled.  ‘J’hc alnlditude of the
tuodulatiol~ is Chosml to bc several wravelcmgths  of light. 7’IIC Out]mt  of cac}l illterfc:rc)lilctc:r  is recorded  at a rate to
guara]ltcc!  JIlaTIy  readings  during one wavelength of motiou  due to modulatiml. ‘1’he ttuc output of tile i~lt,erferomctcr
at, tlic cmlter of modulation is co~n~]utcd to be the average over oIie exact wavclmlgth  of the IIloclulatcd rcaclitlgs
arou~]d tllc ccritm of modulatiorl.

lU tile actual expcrilnmlt,  a wavelength is clivicied ill 64 eclual parts. ‘J’hc servo is used to aclva[lce the distance

by OIIC sixty -fourtl]  of a wave at a til[le while coverixlg several wavelcvlgtlls.  At each stc~) a few secorids of data
is Collcctcd fro~u the interfmmnctcrs. ‘Yhe average value of ear}] illterfcrc~~lletcr readitlg  over this tirllc int,crval  is
sut]t,ractcd frolo each other.  in tllc al]sence C)f any systcnliatic  errors, this clifFcmmcc is of tl)e orclcr of few’ picolncters
as c]etcrluillcci hy the mll gauge. Since the law beams travel  through clif!’em]t  parts c)f the o])tical cmul)cmcmts,

..

tllc systelllat)ic erl m’s wllicli are  ])rescnlt  on the interfcrolrlctcr  sigllals are cliffcrelrt alld d o  rrc)t  catlce]  cmt, wllcr]  t]le

midillgs c)f the tlvc) iilterfcrolr]ctcrs  arc subtrackcl.

]“i~;. 8 s}lC)Ws tllC 1(’SU]~  Of C~CliC aVC!lagitlg app]iC!d to t~lc difrCrellCC  signal hCtW’CC!ll  thC tWC) illt,C1’fC1’C)IIICtCrS.  ‘] ’he
data are takc~l ill a C1 O S C X1 vacuu~a  chamber unclcr atlnos]~hcric  pressure.  Aftm tlie lilwar  dl ift is taken out, tile
wsidual  error is 31 picc)lrlctcrs  rrns.

k’ig. 9 slmvs  tile saruc cx~wriiuc]lt  pmformccl ulldcr vacuuIII  after cyclic avcla~i[ig.  After tllc lillcar  clrift is talccvl
out, tile residual error is 10 l)icometcm  rrrls.

If t}lc a]n~)litucle  of t}lc self-interfcmlce is cha]lgirlg due to varic)us  alig!]lnc)lt clrifts, cyclicly avcragiug  the clata
mice will not relnove all the systematic errors. III this  case, tllc cyclic avcra$,  irlg catl be usecl relwat,ec]ly  uuti] all
systcvlmtic crrc)rs clisa])])car. ‘1’he  actual gauge signal can be ~ccovercd after these  integrations  lmovided that the
true sig~lal is varying slowly colupared  to the total integration ti[r~e.



I 1’0 illustrate this,  consider the followi]lg Cxl)rcssiol]  rcpresmlting  the difference betwceIl the two i]lterferonlcter
si,ylals  with nml-lillcarities  and drift:

N Ar / [, \

u tile” l.-

whcm  al and bjk are ccxlstants.  x is the distance traveled by tile  coHIcr  cube  with  tile pic~.oclectric transducer.

‘1’he terln  ~~~ ~ a~l
(

i reprcsellt,s the drift bctwcml the two intcrferomc%ers  and the tmn }:$ o } ~{. ~ ~j~$ ‘)sin(j!~~~)

re])rcse~lts  tile systmnatic  errors  wit,ll no~l-litlcarities  atld drifting alnl)litudes.

A ty])ical tmn containing the systematic errors  is of the form Zk sin(2jnz). cyclically avt!rap;illg this gives:

/

q-l 1

(

kqk--  ] -1 lower order

)

Q+ 1
z~ si11(2j7rx)  dz: =  - - .2jk cos(2j7rq)  + - ! J2]T ~

Xk - ] cos(2j7r T) dx (2)
[1

NTote that cyclically averaging once reduces  the exponent x K froln k to k – 1. }Ience,  after k -} 1 itltegrations the
t,crlll Xk sill(2jn.c)  will vauis]l. 111 genmal,  if the ]Iighcst  ~)owm ill the self-illterferwlce terln  is 1,, tllcn  1, -t 1 cyclic
a~’eragillgs  are IIeeded to compk:tely  remove self-it~te[  fere[lce.

‘1’lic term  rclmesentillg  the drift can }le recovered afler  these  o~mtations. ‘Jo illustrate this, M N = 2 in tile drift
terln.  ‘1’l]ell,

After  cyclically averaging ~, tilncs:

< drift >],=- c70 + (lj/2)al -t (1,/4)(1,  + 1 /3)02 -1 (01 -1 I,CL2)7  + azxj (4)

‘J’llc!tcfo~c, Oa call be obtained by a fit; al car) be obtai~lcd usitlg U2 a~ld the linear  coefliciellt  of the fit; a l) c a n
be ol)tai]led  usir]g a2, al and the collstallt  term of the fit.

lrig. 10 shows the clifrerc!~lce  betwcell  the two interferolneter  signals after radiative tilerrnal  shields are irist ailed
over tile cx~milne~lt in vacuum. Pig. 11 shows the difrere~lce  after three cyclic avelagin.gs and tile removal of linear
dl”ifl. “1’]][; residual error is 3.5 ~)ico~neters  r]ns. ‘J’hc linear drift is 33 ~)iconleters  per wavele~lgtl). 1~1 this particular
exlmilllclll, Ollc li’aVC!]eIlgt]l  was SCaIIIIC’d  iIl  2 lIli IiUtW USi  Iig  64 Stel)S.

4. IM1’}WVJI;l) IIE1, N1’lVE ME’J’I{OI,OC;  Y C; AU C:)I;

Nfllcll of the 3.5 ~)icollleters  rlns error  is due to the relative therlnal drifts between tile two heterodylle  ixlterfero~oeters
ill t]l~ l’C]atiVC!  p,auge. ]11 our tcsl, a]l COIll~)OllQIltS  Of thC’ illtC’lfC’10IIIC’tC!rS  illCIUdiIlg  the h~!at ])roducillg  acou’sto-o~)tic
lnodulators are ~noul)te[l  on the same oI)tical t)cncll si]llulatillg  a nieasuremerit  systmn ill a small  spacecraft. In the
tests prrforlncd  ill our previous palwr,  no eXtelllal thmvnal regulation was al)ldied other than the thermal inslllatioll
I)rovidcd by the staitllcss  steel vacuum cha]]lber a~ld elastomer seismic isolatio~l pads inside the c]lalnber.

‘J’lle il[lproved test configuration is shown i~l l~ig. 12. };nt,ire  vacuu~n cllanlber  is therlnally insulated fro]n the
al[lbiclit  air by 2 illclles of ]ligh density  foa]n. ITI additiori, a radiative thermal shield co!nplc!tc]y enclosi~lg the
rcktlivo  gauge is il}sLallcd illside t}le vacuul[l c}mnbc!r. ‘J’hree telnperaturc sellsors are l[lonitoring  the telnl)erature
of tllc skill of t}lc cllamber~the  teml)eraturc of tl]e i~lside radiative shield and the te~njwrat,ure of the optical bench
carry  illp, tl]c r<~lative gaug;e.

II] t,lle actual ex~)erin]ent,  a wavele~]gth is divided it[ fi4 equal parts. ~’lle servo is used to advance the distance
l)y ollf! sixty -fourt,]l of a wave at a ti~ne while coveritlp; several wave] ellgths. At each steJ) a few seco~ids of data are
collected fro[r] tile i~]tcrferolricters and tllc tmnperature sensors silt-][lltalleo~lsly.
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l~igurc 8: l{clativc  mctro]ogy  with cyclic avcragi~lg  ill air
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Figure  10: Relative IIlctlology without  cyclic avmagillg, ill vacuu~n
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l“igurc 11: ILelativc  rnctrolc)gy with nlultir)lc cyclic avcrap;in.g ill vacuum
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F’iguw 12: Relative gauge test con f i gura t ion
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‘J’l]c  average value of each intmfer’o]ncter reading  over this titne  i])terval  is sut)tr’actul  frmn cadk othm. Since

the laser bealns  tlavel throug}l different parts of the optical compo~icnlts, the systmnatic  errors  which are lJresent
cm tllc ilmrfcmmeter  signals  are difl’ere~lt and do Ilot cancc]  out when the readings  of the two ir~tclfc’rc~]r~etels arc
Sul)trac’ted.

‘J’hc differrmc.e  data and the temperature clata are filtered usi~lg t}lc same cyclic averaging filter  dcwcrihed  irl
our Imwious palm. ‘J’llis rnethocl  cdi~ni[lates  tllc systematic errors  froxn tile itltcrfcmlncter data aticl com~)utcs  the
avera~e temperature for each cyclicly averaged intcrfcrolnctcx  data.

‘1’lIc results of the IIeW  test of the relative gauge are sl}own ill the followillp,  figures. ‘J’hc lJiczo-olcctric  stack OIL
OIIC of the ccmIif!r cubes  was Inovecl to scat] 6 wavele~lgths  at 633 xla~lm[lctem  ill few ~llinutcs. ‘1’}Ic  average  I)ressurc!
iliside tllc c}lalllt]c’r duri~lg this test was 5 lnillitcxm.

F’ig. 13 sllou’s  tllc: twice cyclicly averaged tcmlwrat,ure  clata froln tile t,eln~wraturc  smlsor ~ncm~ltcd  c)n tile ol)tical
hcxlc]]  carrying  t}lc relative p;augc.

‘J’hc twice cyc]ic]y avc!ras;ed relative gauge output cor’m~)orlc]i~ig to three soparatc! c.o]~secutive  scctimls  of t]ie
terllj)craturc  curve are shcwnl in the follcwir)g  figures.

l’ig. 14 sho~rs  the lnctro]c)gy  data taken during  the tittlc  interval writll the s~nallcst cllangc ill te~ri~mature.  ‘The
linear  clrift  corrcs]mncli~lg  tc) I,I)c rnisaligllrrlc!llt of the’ irlter’fcroltlc!  tcrs  is 3.5 ])icc)rllctcrs per wa~re of ~rlotio[l.  ‘J’lLc
residual crlc)r is 0.13 pln rltls.

]{’ig. 13 shows t]lc tcn!npcrature clata for the time  interval with the s~na]]cst te~n]jeraturc  chang;e. ‘J’hc tc~rl~)eraturc
stays wit})irl  10 Illillidc$grccs  1{ of the avc!rage  tcrnlwraturw.

lip;. 16 S11OWS  tllc ~nctro]ogy  data taken  just before the stat.rlc ternlmatutc tcgioll. ‘l’he liucar  c{rift corresponditlg
to the ~nisalip,[]rncrlt,  of tile interfermncters  is 23 picomcters  pm wave of lnotion. ~’l~c residual cmor  is 1.85 pIII rills.

]“ig. ] i’ S]1OWS t}lc’ lllctro]ogy  c]ata taken  just afLer t~lc! stable  tc’rnJK!ratur c l(:gio~l.  q’}lc’ lillc!at c]rift  ccmr’c!spox)ditlp;
to tllc IIlisalig,rlrllerlt  of the ;Iltcrfcrorncicrs  is 8 picmnctcrs  per }vave of rrlc)t iorl. 2’llC residllal  Crrol is 0.3 l)rn rrm.

‘J’he results shove illustrate the se~lsitivity of tllc relative  g;augc tc) t,hcrlrial  variatio~is. \TTe arc  implcmcxlt,irlg
all autorrmtic  aligrl)ncrlt system to kcwp cacll irltcrfcronlcter  irl the relative  gauge set-uI) ol)tilrlally  aligrlec]  durirlg
c)peratio!i.  ‘1’}le  ?.marn laurlchcm of the irltcrferornetcrs  arc ~ncwecl tc) clithel  the aligll]~ie~lt C)f each irlterfcrorncter.
IJrolrl the! Coll(!ct(!cl  data, it is ])ossiblc! tO COm])utc the the optimal aligrltncrlt  pc)sitirmls  of t,hc iritcrfc~c)rrlcters.  “1’llis



Figure  13: ~k]npcraturc  of the o~)tical  bmch iusidc the! vacuum vessel
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Figure I 6: Relative xnetro]ogy with 1[:ss stable terlll)crature  (a)
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F’igure  17: Relative metrology wit]l less stable  tmnl,craturc (b)
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]msitio]l is ~)arallcl to tllc line Co]ltlcctilkg the corners of the corIIcr cubes.

A OI]C dill)cvlsiollal i~lterfero~netcr  is riot capable of cletcwtill,q tra~]svcrse motions of tllcsc  cubes. A threc-.
dilnclmiollal  relative gauge with five iridc~)cllde])t  auto-a ligllillp,, o~lc-dir[lcllsic)r)al  relative  gauges is co!]structed  altd
it is currently bcillp; tested.

5. (30 NCIJUSION

~TIIC ]mccisicnl a n t ]  t h e  accuracy  of the hctemclyIw  il~tmferolneter  i s ilr~]movrxl to sub-~ )ico]nctcr  lCVC1.  A faster
1’C]atiVC gauge Whj  Ch  SWX2~)S  t~l~  flCqUCll  Cj’ Of thC ]aSCr tO iIllplC!lfKVlt  CyC]iC avm’a~;itig is UII[]C!I cc)rlstruc.t,iorl.
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